Background and Purpose-Quality of care may be influenced by patient and hospital factors. Our goal was to use multilevel modeling to identify patient-level and hospital-level determinants of the quality of acute stroke care in a stroke registry. Methods-During 2001 to 2002, data were collected for 4897 ischemic stroke and TIA admissions at 96 hospitals from 4 prototypes of the Paul Coverdell National Acute Stroke Registry. Duration of data collection varied between prototypes (range, 2-6 months). Compliance with 8 performance measures (recombinant tissue plasminogen activator treatment, antithrombotics Ͻ24 hours, deep venous thrombosis prophylaxis, lipid testing, dysphagia screening, discharge antithrombotics, discharge anticoagulants, smoking cessation) was summarized in a composite opportunity score defined as the proportion of all needed care given. Multilevel linear regression analyses with hospital specified as a random effect were conducted. Results-The average hospital composite score was 0.627. Hospitals accounted for a significant amount of variability (intraclass correlationϭ0.18). Bed size was the only significant hospital-level variable; the mean composite score was 11% lower in small hospitals (Յ145 beds) compared with large hospitals (Ն500 beds). Significant patient-level variables included age, race, ambulatory status documentation, and neurologist involvement. However, these factors explained Ͻ2.0% of the variability in care at the patient level. Conclusions-Multilevel modeling of registry data can help identify the relative importance of hospital-level and patient-level factors. Hospital-level factors accounted for 18% of total variation in the quality of care. Although the majority of variability in care occurred at the patient level, the model was able to explain only a small proportion. (Stroke. 2010;41: 2924-2931.)
T he goal of the Paul Coverdell National Acute Stroke Registry is to track the delivery of care to hospitalized acute stroke patients and to guide quality improvement. 1 Previous analyses have focused on patient-level determinants of care; 1 however, quality of care is also determined by hospital-level and other system-level factors. 2 Data collected from hospital-based quality-of-care registries are inherently hierarchical; patients and physicians are nested within hospitals, and hospitals may be nested within larger health systems. This multilevel data structure has implications regarding the most appropriate statistical analyses; for example, methods should account for hospital clustering because patients within a hospital do not represent independent observations. 3 Failure to account for the multilevel nature of registry data has been shown to result in an inflated number of statistically significant associations and errors in identifying hospital-level determinants of care. 4 The latter may be especially important given that interventions to improve quality often involve manipulation of hospital-level factors.
Multilevel or hierarchical modeling is an analytic technique designed for complex nested data structures. 5, 6 It is commonly used in educational and social research [7] [8] [9] and is increasingly being used in health services research. 10, 11 Multilevel modeling has several advantages for the analysis of hospital-based registry data, including the ability to partition sources of variation between levels (ie, patient-level vs hospital-level), to model the interaction between variables at different levels and to provide more precise estimates of hospital-specific effects, especially when faced with small sample sizes. 3, 4, 6 Our primary objective was to identify patient-level and hospital-level variables associated with the quality of acute stroke care. To address this objective, we used multilevel analysis applied to data from a large prototype stroke registry. Specific questions of interest included: (1) How much of the variation in the quality of care is attributable to hospital-level factors?; (2) What are the patient-level and hospital-level determinants of quality?; and (3) Are there interactions between patient-level and hospital-level determinants?
Materials and Methods

Registry Design
Detailed information on the design of the 4 state registry prototypes (Georgia, Massachusetts, Michigan, Ohio) has been published previously. 1 Briefly, each registry developed its own sampling design to obtain a representative sample of hospitals using a combination of sampling with certainty and stratified sampling (with strata defined by hospital size or location). Overall, 98 hospitals were included: 34 from Georgia, 12 from Massachusetts, 16 from Michigan, and 36 from Ohio.
Acute Stroke Case Ascertainment and Case Definition
Acute stroke admissions were identified through either a prospective or a retrospective approach. 1 In Massachusetts and Michigan, admissions were identified prospectively based on presenting clinical signs and symptoms. The Georgia and Ohio eligible cases were identified retrospectively based on stroke discharge codes. All admissions had to present to the hospital with signs and symptoms consistent with acute stroke. 1 This analysis was restricted to cases of ischemic stroke, TIA, or ischemic stroke of uncertain duration. Cases of TIA were included only if there were stroke signs and symptoms on presentation (and therefore were potentially eligible for thrombolysis intervention). The ischemic stroke of uncertain duration definition was only used at the 2 sites using prospective methods (Michigan, Massachusetts) when the duration of clinical signs (ie, Ͻ24 hours or Ͼ24 hours) was not documented.
Data Collection
Registry information was collected between October 2001 and November 2002. The exact duration of case ascertainment varied between sites (2 months for Ohio, 3 months for Georgia and Massachusetts, and 6 months for Michigan). 1 All consecutive acute stroke admissions that occurred during these time periods were included. Human subject approval was obtained from each hospital's Institutional Review Board before starting data collection. 1 All sites collected the same set of core Paul Coverdell National Acute Stroke Registry data elements using either retrospective chart abstraction (Georgia, Ohio) or, at the 2 prospective sites (Massachusetts, Michigan), a combination of concurrent data collection and chart abstraction. Findings from audits designed to assess case ascertainment 12 and data reliability 13 have been published.
Information on the hospital's capacity to provide acute stroke care was collected using a survey that included items identified by the Brain Attack Coalition. 14 The 12-item survey was completed by a representative of the hospital's stroke service and included information on availability of an acute stroke team, written treatment guidelines, intravenous thrombolysis (intravenous recombinant tissue plasminogen activator) treatment, stroke neurologists, imaging capabilities, in-hospital rehabilitation services, stroke case manager/ specialist, and previous involvement in stroke quality-improvement or databanks. Information was also collected on bed size, annual stroke admissions, urban vs nonurban location, and teaching status.
Quality of Care Definitions
The following 8 performance measures selected by the Paul Coverdell National Acute Stroke Registry 15 were used as quality indicators: (1) intravenous recombinant tissue plasminogen activator; (2) antithrombotic medication within 24 hours; (3) deep vein thrombosis prophylaxis; (4) dysphagia screening; (5) lipid testing; (6) discharge on antithrombotics; (7) discharge on anticoagulation; and (8) smoking cessation counseling. All measures excluded subjects who died in the hospital, who were discharged to hospice, or who left against medical advice. Cases of terminal disease and comfort measures only were also excluded from the intravenous recombinant tissue plasminogen activator, discharge antithrombotics, and discharge anticoagulation measures. Detailed inclusion criteria are listed in Table 3 .
We calculated a summary composite measure of care, also referred to as an opportunity-based score, 16 which was defined as the total number of interventions performed in each subject divided by the total number of interventions the subject was eligible for (range, 1-8). Aggregated at the hospital level, it provides a summary of the proportion of care opportunities fulfilled by each hospital.
Statistical Analysis
Of 6860 original subjects, we excluded 595 (8.7%) who died in-hospital, 187 (2.7%) with missing data on age or gender, 166 (2.4%) hospital transfers, and 210 (3.0%) with other miscellaneous reasons. Of the remaining 5702 subjects, we excluded 805 (14%) with hemorrhagic or undefined stroke, leaving 4897 acute ischemic stroke, TIA, or ischemic stroke of uncertain duration admissions from 96 hospitals.
The composite score (expressed as a proportion) was generated for each individual patient and then aggregated at the hospital level to create mean scores. Plots were generated to confirm that the composite score was approximately normally distributed. The relationships between patient-level and hospital-level variables and the composite score were examined with multilevel linear regression 7, 9 using Proc Mixed in SAS version 9.1 (Statistical Analysis Systems, Inc, Cary, NC). 17 Hospital (nϭ96) and state (ie, Georgia, Massachusetts, Michigan, Ohio) were tested as random effects. All hospitallevel variables, ie, bed size (quartiles), urban vs rural, teaching status, and the 12 hospital capacity survey questions were considered in the multilevel analysis as fixed effects. Patient-level factors considered were chosen based on variables identified as important in a previous analysis of these data 1 and included age, gender, race (black, white/other), ambulatory status at discharge (documented vs not), medical history (stroke, TIA, coronary heart disease, and atrial fibrillation), and whether a neurologist was involved in care.
The multilevel analysis was implemented in a stepwise manner. 8, 17 First, an unconditional means model was used to determine the significance of the 2 random-effect terms (hospital and state). The unconditional means model also provided an estimate of the intraclass correlation coefficient (P), which describes the proportion of the total variance that is attributable to clustering within hospital. 17 Second, using a backwards elimination approach, all hospital-level variables were added to the unconditional means model as fixed effects, and nonsignificant variables were removed sequentially until only significant (ie, PϽ0.05) variables remained. Third, patient-level variables were added, and using the same backwards elimination approach a final patient-level and hospital-level fixed-effect model was identified. Higher-order polynomial terms for age were explored after age was centered at its mean (69.7 years). Finally, to determine whether there were significant cross-level interaction effects between patient-level and hospital-level variables, we tested patient-level variables as random effects. 17 To confirm that the final linear model was appropriate, we examined the distribution of residuals to check that they were approximately normally distributed. We also confirmed that the predicted values from the final model were approximately normally distributed and that none was outside the range of 0.0 to 1.0. We also subjected the final model to the following sensitivity analyses: (1) to explore the impact of hospitals with small numbers of cases, we eliminated hospitals with Ͻ10 observations; (2) to determine whether patients with TIA were unduly influencing our conclusions, we excluded them and reran the models; and (3) we examined alternative modeling strategies for the composite score, including a Poisson model (in which the number of interventions received is modeled relative to the number the subject was eligible for) and an arcsine-root transformation model, which is a variance-stabilizing transformation designed to "normalize" the outcome variable.
Results
The hospital-level characteristics are shown in Table 1 . The distribution of bed size varied by state, with Georgia having more small hospitals (Ͻ145 beds) and Massachusetts having more large hospitals (Ͼ500 beds). The majority of hospitals reported having access to written treatment guidelines, acute stroke teams, and neurologists. Patient-level characteristics are shown in Table 2 . The mean age was 69.7 years. The racial distribution varied across the prototypes, with Georgia having the highest proportion of blacks (37%) and Massachusetts having the lowest proportion (9%).
The overall patient-level mean composite score was 0.68 (SDϭ0.12), indicating that, on average, patients received 68% of the measures they were eligible for. At the hospital level, the mean composite score was 0.63 and varied from 0.57 (Georgia) to 0.70 (Massachusetts). The mean hospital scores were also approximately normally distributed ( Figure  1 ). The compliance data for the 8 performance measures are shown in Table 3 . Overall, compliance was lowest for recombinant tissue plasminogen activator treatment (27%), lipid profile checked (41%), and smoking cessation counseling (26%), and it was highest for discharge antithrombotics (99%).
Multilevel Analysis
In a 3-level unconditional means model that included both state and hospital as random effects, the hospital term was statistically significant (PϽ0.0001), whereas the state term was not (Pϭ0.14) and therefore was eliminated from further consideration. The intraclass correlation (P) from a 2-level unconditional means model (including only hospital as a random effect) was 0.18 (ie, 0.00743/0.04072). These data indicate that there was only a moderate degree of clustering within hospital and that, after taking into account hospitallevel random effects, considerable unexplained variability in composite scores remains.
Results of the final multilevel model are shown in Table 4 . Bed size was the only hospital-level variable that was significantly associated with composite score (PϽ0.001). Compared to the largest hospitals (Ͼ500 beds), the proportion of care opportunities fulfilled by the smallest hospitals (Ͻ145 beds) was 11% lower (PϽ0.0001). Age had a significant curvilinear relationship with composite score. A plot of the mean composite scores by 10-year age intervals illustrates that the mean composite care scores increased up until approximately age 60 and then declined with increasing age (Figure 2 ). The composite score was 4.8% lower (PϽ0.001) among patients whose ambulatory status was not documented compared to those whose ambulatory status was documented. Neurologist involvement in the care of patients was a significant determinant of quality; compared to patients who did not have a neurologist involved, the proportion of care opportunities fulfilled was 4.9% higher (PϽ0.0001) in those who did. None of the patient-level variables had statistically significant random effects. The random effect for hospital remained significant in the final multilevel model, indicating that after accounting for patient characteristics and hospital characteristics there was still considerable unexplained variability in hospital composite scores. Compared to the unconditional means model, the variance associated with the hospital-level composite scores was reduced by 30% in the final model (ie, 0.00743-0.0052/0.00743), almost all of which was attributable to the addition of bed size. In contrast to the findings at the hospital level, the variance associated with the patientlevel composite scores was reduced by only 1.8% (ie, 0.04072-0.040/0.0472) by the inclusion of the patient-level variables in the final model. The correlation between the observed composite scores and the model's predictive scores was 0.232 (PϽ0.001), indicating that the final model had at least moderate predictive power. With respect to the sensitivity analyses, after excluding 17 hospitals with Ͻ10 observations (nϭ76 subjects), the model results were essentially identical. Similarly, after excluding the 1182 TIA cases, the model coefficients were similar, although their statistical significances were attenuated given the smaller sample size. The magnitude and statistical significance of the model coefficients were also similar in the Poisson and arcsine-root transformation models (data not shown), indicating that our conclusions were robust when alternative statistical approaches were used.
Discussion
In this multilevel analysis of the quality of stroke care in 4 prototype stroke registries, we found that only approximately two-thirds of interventions that patients were eligible for were documented as having been provided. We found that mean composite scores varied substantially across hospitals, and much of this variation remained even after significant hospital-level and patient-level factors were identified. Bed size was the only hospital-level variable that was a significant determinant of quality of care. Hospital size has been shown to be an important predictor of quality of care for many conditions, including stroke. 18 The lower quality of care in small hospitals is probably a reflection of more limited resources, such as physician and staff expertise and specialty services. Bed size, which is strongly correlated with stroke volume, has been shown to be an important predictor of Not determined 270 (6) 62 (6) 106 (17) 68 (4) 34 (3) Neurologist involved 3857 (79) 809 (78) 564 (89) 1497 (77) Atrial fibrillation 687 (14) 131 (13) 105 (16) 269 (14) 182 (14) Stroke type
Ischemic stroke 3637 (74) 800 (77) 495 (77) 1368 (70) 974 (77) Ischemic stroke of uncertain duration 78 (2) 0 (0) 3 (1) 75 (4) 0 (0) TIA 1182 (24) 241 (23) 144 (22) 499 (26) 298 (23) GA indicates Georgia; MA, Massachusetts; MI, Michigan; OH, Ohio. short-term mortality in some, 19 although not all, stroke studies. 20 Our finding that smaller hospitals provide lower quality of care provides evidence to support the hypothesis that part of the widely reported "volume-outcome relationship" 19 is attributable to the delivery of poorer care in smaller hospitals. Hospital size is also positively correlated with several other hospital characteristics important to stroke care, including teaching status, presence of stroke units or stroke teams, quality-improvement infrastructure, stroke pathways, and standing orders. 11 Although many of these variables were associated with quality of care in unadjusted analyses, we did not find any of them to be significant determinants independent of bed size. The lack of benefit of standing orders is contrary to some, 11, 21 but not all, 22 previous reports. It is possible that the lack of significant findings associated with the Brain Attack Coalition items might be because more detailed information is required to understand the particular context and application of these factors within each hospital. 23 Although previous studies have found the Brain Attack Coalition items to be highly correlated and to have limited variability between hospitals, 11,23 we did not find this to be the case. Most of the characteristics were present in Ϸ60% to 80% of hospitals, which probably reflects the fact that the prototypes included a broader range of hospitals. Overall, our results suggest that further work is required to identify the organizational, structural, and process measures that could explain the lower-quality care observed in smaller hospitals. In this analysis, compared to patients in their early 60s, both younger and older patients had lower quality of care. The finding that older age is associated with lower quality of stroke care is not uncommon; 24 however, we are not aware of previous studies showing that younger patients also have lower-quality care. The reasons for this are unknown, although we speculate that it might be because younger patients have fewer risk factors and comorbidities, or that their risk of stroke recurrence is falsely underestimated by hospitals and physicians. We found that the involvement of a neurologist was associated with higher-quality care. There have been several previous reports evaluating the impact of neurologists on the quality and efficiency of stroke care. 23, 25, 26 A study of stroke outcomes in academic medical centers found that in-hospital mortality was lower in those centers that had a vascular neurologist. 23 A study of Medicare recipients found DVT indicates deep venous thrombosis; GA, Georgia; IV-tPA, intravenous tissue plasminogen activator; MA, Massachusetts; MI, Michigan; OH, Ohio.
*IV-tPA (thrombolysis) in patients who arrived Ͻ2 hours after symptom onset with no contraindications (ischemic stroke only). †Antithrombotic medication administered within 24 hours of admission. ‡DVT prophylaxis within 48 hours of admission (if nonambulatory). §Dysphagia screening during hospitalization (IS only). ¶Lipid profile (LDL-C) checked during hospitalization. ʈDischarged on antithrombotic medication among those with no contraindications. **Discharged on anticoagulation if atrial fibrillation present among those with no contraindications. † †Counseling or medication for smoking cessation (if current smoker). that compared to other specialists, neurologists provided better but more expensive care to hospitalized stroke patients-neurologists ordered more MRI scans and were more likely to prescribe warfarin and to discharge patients to inpatient rehabilitation, but their patients had lower mortality 90 days after discharge. 25 Similar findings of increased testing but better outcomes for stroke patients treated by neurologists were also found in a Veterans' Administration study. 26 A major rationale for using the multilevel approach in the assessment of health care quality is the fact that many policy decisions affecting the delivery of hospital-based care require an understanding of how hospital-level factors influence care and how they interact with patient-level variables. In studies that include a large number of hospitals, only multilevel modeling has the ability to determine if factors operating at the patient level are modified by group or contextual factors operating at the hospital level. 5, 6 Other advantages of the multilevel approach include the ability to simultaneously examine the relative contributions of individual-level and group-level variables on the outcomes of interest and to account for the nonindependence of observations (ie, clustering) within groups. 6 To date, many previous analyses of stroke quality of care data have focused on patient-level factors using the generalized estimating equation (GEE) approach to account for clustering within hospitals while either ignoring or including hospital-level characteristics as fixed effects. 18, 23, 27 The GEE model provides a different interpretation from the multilevel model; the GEE model averages across random effects, thereby providing a marginal or population average estimate, whereas the multilevel model provides estimates that are conditional on the group-level random effects. 5, 6 Random-effect models also make an assumption that the group-level units (ie, hospitals) represent a random sample of a larger underlying population to which the model results can be applied. 5 GEE models may be more appropriate when the group random effect is known to be small or the focus is only on patient-level factors. 6 To illustrate this latter point, we reran the analyses using a GEE model and found that the results for the patient-level variables were essentially identical to those of the multilevel analysis (data not shown). However, what the GEE analysis is unable to do is to determine if significant cross-level interaction effects are present between patient-level and hospital-level variables (none was significant in this analysis), or to quantify the magnitude of the hospital-level variation that remains in the final multilevel model.
By partitioning the variance components, the multilevel approach illustrates the relative contributions of hospitallevel and patient-level factors to the variation in quality of care. In this analysis, we found that 18% of the total variance occurred at the hospital level and that almost one-third of this was explained by bed size. The final model found that the majority of variability in quality of care occurred at the patient level (ie, 82%), but that the patient-level variables in the model (ie, age, race, documentation of ambulatory status, and neurologist) only accounted for a tiny fraction of this (ie, 1.8%). These findings illustrate that there remains a large amount of unexplained variability in quality of care, the origins of which should be the focus of future studies.
There are several potential limitations associated with the data used in this report. First, although all 4 prototypes shared some common design features, their sampling designs were different. 1 Although variability in the size and demographic make-up of the states justified an adaptable design, the representativeness of these prototype designs remains unknown. Second, as previously mentioned, information on the completeness and reliability of the data in this registry data are limited to 2 previous studies. 12, 13 Clearly, data accuracy is limited by the quality and completeness of the medical records, and despite the use of standardized data definitions, variations in their interpretation undoubtedly occurred across hospitals and prototypes. Third, the measures used in this study were not formally recognized as performance measures until after these data were collected, 28 and so these results represent a baseline measure of hospital performance before the instigation of any formal quality improvement efforts. Fourth, TIA cases were limited to only those who had signs and symptoms on presentation to the hospital and therefore are not representative of all TIA cases. Fifth, because data on stroke severity, stroke location, and ischemic stroke subtype were not available, their impact on the results cannot be determined. Sixth, the use of a composite opportunity score to measure quality of care has both inherent strengths and limitations (as reviewed by Peterson et al 16 ), and our understanding of how such measures relate to patient-orientated outcomes is limited but represents an important area of future research. 28 Limitations associated with the collection of hospital-level variables have already been mentioned.
Conclusion
In summary, this study has shown the value of using a multilevel approach for the analysis of hospital-based stroke registry data when the focus is on understanding the relative contributions of patient-level and hospital-level factors. Although the majority of variance in quality of care occurred at the patient level, the model was only able to explain a small proportion of this. Involvement of a neurologist and data documentation were the only potentially modifiable patientlevel factors that predicted quality of care. Hospital-level variability accounted for a minority of the total variation in care (18%), but bed size was found to explain almost one-third of this variation. Future analyses of stroke registries should aim to include a larger number of hospitals and stroke admissions, to use more consistent sampling designs, and to include more detailed information on both hospital-level and patient-level variables to explain a greater proportion of the variability in care.
